Recently, micro holes processing on glass were focused on chemical and biological filed. Authors focused on Electro-Chemical Discharge Machining (ECDM) to machine micro holes on glass, and developed the ECDM device. This paper reports about feedback circuit for machining-stop system and two-step machining which were developed to reduce the smallest diameter of micro hole. Additionally, the tool electrode of which diameter was 20 µm was produced using Electro-Chemical Machining (ECM). As a result, the diameter of micro hole was reached to 12 µm.
Introduction
Recently, development of micro hole processing is rapidly advanced because it can be applied to a wide-range field. Especially, micro hole on glass was focused on chemical and biological field. However, the number of research of micro hole processing technology for insulating materials such as glass and ceramics is small. Generally, laser beam machining and chemical etching are known as effective process for insulating materials. However, these machining processes have some problems such as size and cost. Therefore, authors focused on Electro-Chemical Discharge Machining (ECDM). It is known that ECDM is possible to insulate materials can be used (1) . If ECDM can apply for micro hole processing, there is a possibility that ECDM for a wide variety of manufacturing. Especially, authors are expecting to apply ECDM for cyclic voltammetry method. It is known that the ion migration of low dielectric organic solution and alcohol are able to be observed by using glass with micro holes (2) . In addition, the measurement accuracy of ion migration is improved by reducing diameter of micro hole smaller. On the other hand, the application research of ECDM was reported such as the hole processing on the glass by forced discharge dispersion (3) and the 3D surface machining on Pyrex glass (4) , and others (5)~ (9) .
However, the micro hole processing using ECDM is not unexpectedly advanced.
In the past, it was achieved that the exit diameters of micro hole which was machined by ECDM was 23 µm to borosilicate glass of 160 µm in thickness (10) . However, the shape of micro hole was ovalized because of wire tool electrode. The wire tool electrode does not have enough straightness to withstand machining load. In this research, the micro tool electrode was produced from tungsten rod of which diameter is 300 µm. This tool electrode has high accuracy straightness to improve shape of micro hole. In this paper, it was described the improvement methods for machining smaller micro holes.
Electro-Chemical Discharge Machining

Principle of ECDM
ECDM is able to machine for insulating materials such as glass and ceramics due to be accelerated chemical reaction by the electrolytically-generated heat effect of electrical discharge. The chemical reaction between workpiece surface and electrolyte is activated by heat. Consequently, the workpiece surface is removed. The schematic diagram of ECDM is shown in Fig.1 . The voltage is applied between the auxiliary electrode (anode) and the tool electrode (cathode). When the applied voltage is increased, the tool electrode is completely coated with hydrogen bubbles generated by electrolysis. The electrical discharge will be occurred by the insulation breakdown the hydrogen bubbles layer. If the workpiece is borosilicate glass, the workpiece is eroded by alkaline solution. The schematic diagram of this chemical reaction is shown in Fig.2 . The sodium ion (Na+) and the hydroxide ion (OH-) in the electrolyte are adsorbed on the glass surface, the -Si-O-Si-bond is broken and changed into the -Si-O-Na-bond. This reaction is represented by equation (1).
The -Na-O-bond is much weaker than the siloxane bond (Si-O). The binding force of the -Na-O-bond which is contained in Na 2 O-SiO 2 is low. Thus, the Na 2 O-SiO 2 is much fragile to the impact of electrical discharge, and soluble in water. In addition, it is generally known that the erosion rate of the glass is proportional to pH and increasing temperature up to 10 K raise. The thermal energy by electrical discharge is very large. Thus, the workpiece is efficiently removed. 
Experimental set-up
The schematic diagram of the experimental set-up is shown in Fig.3 . The variable DC power supply was used to regulate voltage from 1.25 V to 45 V. In addition, the pulse frequency and duty factor (DF) can be changed by the function generator. The applied load is set by the even balance and the tool electrode is fed vertically at constant-pressure. The waveform of voltage and electrical current in ECDM process are detected by oscilloscope.
Production of the micro tool electrode
The micro tool electrode which has high accuracy straightness is necessary to machine micro holes using ECDM method. In the previous study (10) , the tungsten wire was used as a tool electrode. The size of this tool electrode was 20 µm in diameter, and the accuracy of straightness was not enough to machine micro hole. Consequently, the shape of micro hole was ovalized. Therefore, the tool electrode of which diameter is 20 µm was produced from tungsten rod by Electro-Chemical Machining (ECM) to improve accuracy of straightness. Generally, the small component that is required high accuracy straightness like micro tool electrode is formed by Wire Electro-Discharge Grinding (WEDG). The reason processed by ECM method is that ECDM device can use to ECM. In ECM process of tungsten, alkaline solution is used as electrolyte. In this study, the electrolyte of ECDM process is aqueous sodium hydroxide which is alkaline solution. Therefore, the ECDM device and electrolyte are able to directly use to produce micro tool electrode by ECM method. The chemical reactions of ECM are expressed by equation (2), (3) and (4). Equation (2), (3) express anode reactions and equation (4) is describes cathode reaction. The photographs of ECM process are shown in Fig.4 . The electrolyte flow was generated by precipitating of the reaction product along the electrode. This phenomenon forms the constricted part on micro tool electrode. Fig.5 shows schematic model of constriction phenomenon. In order to solve this problem, tool electrode was oscillated in the vertical direction. The oscillation of tool electrode is controlled by the stepping motor. Fig.6 shows the schematic diagram of improved ECM device. The conditions of micro tool electrode production using ECM method are shown in Table 1 and the produced micro tool electrode is shown in Fig.7 . The diameter and length of this micro tool electrode are 20 µm and 1.6 mm, respectively. 
The feedback circuit for machining-stop system
The ECDM experiment for machining micro holes using produced micro tool electrode was conducted. The experimental conditions of ECDM are shown in Table 2 . The voltage was set to minimum value which needs to penetrate the workpiece. The microscope images of the micro hole produced by the ECDM are shown in Fig.8 . Fig.8(a) is entrance side of the micro hole, and Fig.8(b) is exit side. The smallest diameter, the entrance diameter and the exit diameter were 58 µm, 172 µm and 150 µm, respectively. From this result, it is confirmed that the cross-sectional shape of the micro hole is shaped as shown in Fig.9 . Thus, it is considered that the smallest diameter is increased due to enlarging exit diameter. 
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Vol. 6, No. 6, 2012 The cross-sectional shape of the micro hole is shown in Fig.9 , the phenomenon of the exit diameter enlarging was observed. Consequently, the smallest diameter of the micro hole also enlarged. This phenomenon is caused by the chemical reaction between a large amount of electrolyte under the workpiece and micro tool electrode. In order to solve this problem, the machining-stop system to automatically stop machining immediately after penetration was integrated to ECDM device. The schematic diagram of machining-stop system is shown in Fig.10 . The detecting electrode is connected to the mono-stable multi-vibrator (one-shot multi-vibrator: OSMV) through the photo-coupler and it is inserted into the sub work tank like U-tube. Another side of the sub work tank is insulated by workpiece. When the micro tool electrode penetrates the workpiece, the insulating state of sub work tank is broken and the electrical current flows between micro tool electrode and detecting electrode. If the electrical current is detected, the machining-stop signal will be sent to the function generator and ECDM process is automatically stop.
The microscope images of micro hole obtained by ECDM with the machining-stop system are shown in Fig.11 . Experimental conditions are same conditions as the previous experiment which is shown in Table 2 . The smallest diameter of the micro hole was improved to 32 µm from 58 µm. As a result, it was confirmed that the chemical reaction immediately after penetration was reduced by using feedback circuit for machining-stop system.
Further miniaturization
If the smallest diameter of the micro hole becomes much smaller, the ECDM is expected to expand in application. In the ECDM process, the removal rate and heat-affected area are increased with increasing the discharge energy. Therefore, it is necessary to reduce the discharge energy for reducing the smallest diameter of micro hole. The discharge energy can be reduced by reducing the applied voltage, pulse frequency and DF. However, the ECDM at low discharge energy was stopped in the process of micro hole machining. If the discharge energy is low, the electrolyte cannot supply to the tip of tool electrode because the removal amount and the gap distance between tool electrode and workpiece are small. For this reason, it is considered that the machining stopped at low discharge energy. However, it is preferable that the discharge energy is reduced to reduce the smallest diameter of micro hole. Therefore, the two-step processing was investigated. The schematic diagram of this process is shown in Fig.12 . The first step is large energy ECDM which is stopped in the middle depth of the workpiece. The penetration is completed at the second step which is small energy ECDM. In this method, the smallest diameter of micro hole can be reduced because the removal amount is small at the moment of penetration. Experimental conditions of two-step processing are shown in Table 3 . At the first step, the applied voltage, pulse frequency and DF were set to 35 V, 25 Hz and 80 %, respectively, and the depth of first step was set to 100 µm. At the second step, the applied voltage and pulse frequency were set to 30 V and 15 Hz, respectively. Moreover, DF of second step was set to 10 % in order to reduce discharge energy of a pulse and feedback time lag. As a consequence, the diameter of micro hole is reduced. The microscope images of the micro hole machined by the two-step processing are shown in Fig.13 . The workpiece was coated by the gold evaporated film to facilitate the observation. Although the shape of the micro hole was not real circle, the smallest diameter of micro hole was reduced by two-step processing and achieved to 12 µm. In contrast, the purpose of this study is to machine micro holes at the smallest possible diameter on glass to apply electrochemical analysis such as cyclic voltammetric method. Therefore, it is thought that the shape of micro hole does not have much importance. However, the quality improvement is an issue in the future. 
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Conclusions
The ECDM method for machining micro holes on the glass was investigated to improve the shape and to make much smaller holes. The obtained results are summarized as follows.
(1) The shape of micro hole was improved by using the micro tool electrode which has high accuracy straightness. The diameter and length of this tool electrode are 20 µm and 1.6 mm, respectively. It was formed by ECM from tungsten rod. (2) The feedback circuit for the machining-stop system was developed. This system detects the electrical current and stops machining immediately after penetration. The smallest diameter and the exit diameter were reduced by integrating this system into the ECDM device. (3) The two-step processing method was developed to obtain much smaller diameter hole.
In this method, the ECDM process is divided into two steps. At the first step, ECDM process is stopped in the middle depth of the workpiece, and the penetration is completed at the second step. From these results, the smallest diameter of micro hole was reduced by two-step processing and achieved to 12 µm.
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